Using first-principles density functional theory, we study piezoelectricity in short-period superlattices made with combination of ferroelectric and paraelectric components and exhibiting polar discontinuities. We show that piezoelectric response of such a superlattice can be tuned both in terms of sign and magnitude with a choice of its components. As these superlattices with nonswitchable polarization do not undergo ferroelectric transitions, we predict them to exhibit a robust piezoelectric response with weaker temperature dependence compared to their bulk counterparts.
With advances in experimental techniques, it is now possible to create superlattices of various of oxide perovskites (general formula ABO 3 ) through layer by layer epitaxial growth. Such superlattices have attracted lot of attention in recent years due to the presence of unusual properties. 1−7 In particular, these superlattices may exhibit polar discontinuities leading to the so-called "polar catastrophe", a topic of much discussion in recent time in the context of LaAlO 3 /SrTiO 3 thin films.
2−5,8
Superlattices with polar discontinuity were studied by Murray and Vanderbilt 9 from first-principles for superlattices consisting of ferroelectric (FE) and paraelectric (PE) components, and the "polar catastrophe" was found to to result in response of system in terms of polar distortions at the interface. This was extended in our recent work 10 to superlattices with ultra-thin (1 unit-cell) components of FE and PE layers. Our study 10 carried out on a series of such superlattices constructed from different PE and FE components showed that even for ultrathin superlattices, systems containing polar discontinuities have strongly broken inversion symmetry and large non-switchable polarization. The magnitudes of the polar distortions are as large as those in the corresponding bulk FE materials. Evidently, this class of superlattices form promising new material with interesting properties.
In a recent study, tunability of piezoelectric properties of short period ferroelectric superlattices with strain was investigated.
11 Here we demonstrate tunability of robust piezoelectric properties for superlattices formed of FE and PE layers through (i) polar discontinuity and (ii) chemical control, using first-principles density functional theory (DFT) based calculations. )/II-IV perovskite layers respectively, while the last system is composed of alternating I-V/II-IV/III-III/II-IV sequence.
Our calculations are carried out in the plane wave basis within the framework of local density approximation (LDA) of DFT using the Vienna Ab-initio simulation package (VASP).
12−13
The positions of the ions are relaxed towards equilibrium until the HellmannFeynman forces become less than 0.001 eV/Å. A 6×6×4 Monkhorst-Pack k-point mesh and 450 eV plane-wave cut off are used for the calculations. The polarization is calculated using the Berry phase approach 14 of modern theory of polarization. To determine piezoelectric response, strains of ± 1% are applied. The superlattices are constructed along the crystallographic z direction, and the piezoelectric coefficient relevant to applications is e zz , strain is therefore applied along the z direction. its components.
To determine piezoelectric coefficients of the constructed superlattices, in the next step we calculate polarization at unstrained structure (P ref ) and at several strained structures (P ), with relaxed atomic positions. The slope of the (P -P ref ) versus strain curve yields the piezoelectric constants, e zz . Fig. 2 shows such curves for LAO/PTO, KSO/PTO and KSO/PTO/LAO/PTO superlattices. We find the piezoelectric coefficient to be large and negative (-2.58) for LAO/PTO, large and positive (+4.08) for KSO/PTO and a small value (0.48) for KSO/PTO/LAO/PTO. Using combination of various perovskite materials, we are therefore able to design piezoelectrics with e zz of opposite sign and varied magnitudes.
To have large piezoelectric effect, the system must contain ions with large Born effective charges (Z * ) and they should easily move as a result of lattice strain. A piezoelectric coefficient can be separated into two parts: a clamped-ion contribution evaluated at vanishing values of the movements of the ions (u), and a term that is due to the displacements of differently charge sublattices 15 :
where Ω is the volume, q e is the electronic charge and the subscript k corresponds to the atomic sublattices. tem. The composite system on the other hand, is far more rigid, with ∂u/∂ values being order of magnitude smaller. Born effective charges, however, change only slightly between the composite superlattice and the ) and the piezoelectric coefficient obtained from the slopes in Fig.2 (e direct zz ) are also listed. Due to non-switchable polarization, it is expected that these superlattices would exhibit piezoelectric properties that show weaker temperature dependence than the conventional, bulk piezoelectric materials like PbTiO 3 . To explore this, we determine Γ-point phonons for the superlattices exhibiting strong piezoelectric responses, i.e LAO/PTO and KSO/PTO, and decompose the displacements of the ions upon strain in terms of these normal modes. Table II lists the frequencies of phonon modes that dominantly contribute to the piezoelectric coefficients and their changes upon +1% and -1% lattice strain. The frequencies are found to change by 1-4%, except for the softest ones for which the change about 6-8%. This is in contrast to larger ( 14% ) change in the soft mode (ω = 141 cm −1 ) of tetragonal PbTiO 3 with 1% strain, which is known to cause strong temperature dependence in its piezo and dielectric responses. With relatively smaller Grüneisen parameter, these superlattices, therefore, should have a piezoelectric response that is relatively robust as a function of temperature.
In conclusion, we presented the analysis of piezoelectric properties of bi-component, ultra-thin superlattices processing polar discontinuities. We demonstrated tunability of their piezoelectric response via appropriate choice of different components, providing a chemical control. Moreover their piezoelectric properties are expected to be only weakly temperature dependent compared to conventional piezoelectrics, opening up a new avenue for piezoelectrics by design.
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